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Abstract 
Simulating HIV transmission networks using agent-based systems has consistently shown promise during the last ten 
years.  In this position paper we briefly discuss the state of the art, as elaborated on our previous work, and propose next 
steps that incorporate not only current HIV infection propagation approaches but also promising prevention strategies that 
include sociological markers. We stress that throughout translational validation will be key for approaching real impact in 
clinical outcomes. Finally, we place our proposed approach in the context of a real-life cohort that provides significant and 
relevant data on high-risk populations, HIV+ drug abusing patients that circulate through the U.S. jail system, and propose 
that the use of more complex sociological prevention markers may greatly enrich currently used biomarker-based 
approaches and provide with more sophisticated and nuanced results. 
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1. Problem statement 
Complex simulation of infectious disease networks is a promising field with potential applications in, e.g. 
gastrointestinal, respiratory, and sexually transmitted disease [1]. For instance, current research has broadly 
illustrated the potential for simulating the transmission of HIV using agent-based systems. However, extensive 
work is still needed for current state of the art in translational informatics, from bench to bedside, to apply 
simulation results to actually influence clinical outcomes. Furthermore, models and their implementations need 
substantial validation and enhancement, with considerable experimentation required in order to illustrate the 
potential application of the technology to physician scientists. Interesting applications with potential for high 
impact include the simulation and prediction of HIV transmission networks, specially high-risk networks like 
the ones that may be present within drug abusing populations, how such networks may affect outcomes, and 
their potential impact in public health policy. 
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Important gateways to care for HIV+ populations include knowledge of HIV status and initiation as well as 
adherence to therapy [2]. Moreover, an important factor is that one third of HIV infections are acquired through 
drug abuse, especially outside of sub-Saharan Africa [3], with recent data showing strong links between risk of 
sexual HIV acquisition and episodic recreational drug/alcohol abuse [4]. Drug abuse is associated with medical 
and psychosocial co-morbidities as well as with behavioral disinhibition, and is believed to lead to poorer 
outcomes for patients with HIV [5]. Even though the virological and clinical effects of therapeutic regimens 
among drug users and non-drug users who adhere to therapy are generally equivalent due to the efficacy of 
potent antiviral therapy, current evidence suggests that the primary effect of drug abuse in HIV disease 
progression is mediated via factors that limit access and adherence to such regimens [6]. Indeed, innovative 
approaches to the management of sexually transmitted infections in settings with generalized epidemics has the 
potential to affect current epidemic trajectories: the influence of high-risk individuals who are key to 
transmission has shown to exert a major effect on propagation networks, and can result in major changes in 
infection rates shown in such networks [7].  
This means that finding innovative methods for the prediction, monitoring and early treatment of high-risk 
infected individuals could provide a significant tool to reduce the creation of large propagation networks in the 
first place. Agent-based simulation can offer an outstanding venue of research on this issue. 
2. Agent-based models for simulating HIV propagation 
In previous work [8] we explored the state of the art in agent-based simulation of HIV propagation networks 
in detail. In this paper, however, we move a step forward by elaborating on what we believe are interesting 
venues of future research in the field, discussing innovative approaches that target not only the spreading of 
disease but the complex nuances of the effect of innovative prevention strategies and their potential outcomes.  
2.1. Why agent-based models for HIV network simulation?  
Agent-based models account for the behavior of individuals, which is a major factor in the spread of HIV.  
In current research, it has been shown that agent-based models are more effective at modeling the unique nature 
of HIV transmission than traditional epidemiology models. For instance, in [9] the authors concluded that it is 
impractical to simulate complex interactions using traditional models based on Monte Carlo simulations and 
system dynamics techniques. The authors in [10] surveyed existing HIV transmission models and found agent-
based modeling to be more effective for modeling risk behavior. In [11] it is stated that when comparing agent-
based models with differential equation models, agent-based models are more effective at modeling the 
heterogeneity inherent in individuals’ behaviours in networks, and more representative of complex social 
network interactions.  
Most current model designs consist of some of the following components:  
 
∞ Agents with demographic and behavior attributes 
∞ HIV transmission functions 
∞ A function of time for simulation 
∞ A function for updating dynamic network structures 
∞ A function for HIV progression 
∞ Population parameters that impact agent behavior and interaction 
 
These parameters have shown good preliminary results, and we propose that they could be enriched by the 
use of sophisticated variables from sociological parameters of transmission. Also, in addition to typical model 
design, it is also necessary to note the significant role of empirical data in model design and validation.    
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2.2. State of the art: overview 
Some of the more significant contributions in the field (and more cited research) on agent-based models for 
simulating HIV provide an important step forward. Such research illustrates the continued enhancement of 
agent-based models as a baseline foundation for additional work. Here we review some of the more important 
contributions on agent-based models, as in our previous review [8]. 
In [12], a partially developed basic model is presented which consisted of four mechanism categories that 
make up HIV transmission in Eastern and Southern Africa. The mechanisms include migration, interaction, 
disease and mortality, marriage and divorce. The data used in model design represents the general population. 
The authors in [13] developed a multi-agent system architecture that contains agents to represent 
individuals, create and control agents, represent the population environment, and provide statistics based on the 
simulation process. Four decision-making functions are used for agent interaction and HIV transmission. 
During the simulation process, agents choose other agents at random. The authors’ simulation results were 
shown to have 90 % accuracy for illustrating HIV prevalence when compared to the findings of the South 
Africa Department of Health.   
In [14] the authors report a model that includes more dynamic agent behavior than previous works as well as 
the notion of grouping agents into high risk and low risk populations. Agent behavior modification can occur 
such as the change in condom use, increase or decrease in sexual contacts, and contact frequency. Agent 
networks are comprised of links dedicated to short-term and long-term sexual contacts. Experimental results 
showed accurate results when based on factors specific to a MSM (Men who have Sex with Men) population in 
Taiwan.   
The work shown in [10] adapted previous research to introduce a model that can simulate preferential 
attachment behavior and awareness. Preferential attachment behavior for agents is used to form scale-free 
sexual networks. Awareness is achieved in the model by a probability calculation based on the common 
attributes of agents. Simulation results show the effect that the topology of social and sexual networks may 
have on the rate of both HIV transmission and the effectiveness of awareness campaigns.  
The model in [15] allows for simulating awareness through various scenarios. Households are also 
introduced which are groups of agents that are assumed to have similar exposure to the mass media. Agents 
contain additional attributes to support awareness such as education level and a degree variable for religiosity. 
A simulation experiment was performed using general population demographic data from a village in Limpopo 
Province in South Africa.  Awareness scenarios in the simulation were formal education, education and social 
network, education and mass media, education and reliable community sources such as religious leaders, 
education and household, and a combination of all of the awareness scenarios.  The results of the simulation 
illustrated an HIV free population for the education and household awareness intervention scenario after 65 
years and an HIV free population for all awareness scenarios after 32 years. Additional experiments based on 
datasets that include a population impacted by awareness interventions over time will be necessary to validate 
this model.  
In [8] the authors developed a model that introduces a distribution of sexual partners for each agent based on 
gender and a sexual mixing scheme between agents, both of which are based on a study population in Sub-
Saharan region of Africa. In addition to HIV transmission through sexual intercourse, the model also accounts 
for the spread of HIV transmission from mother-to-child.  
The work shown in [16] introduced a Complex Agent Network that combines a multi-agent system model 
approach with complex networks. The combination of these approaches allows for more complex interactions 
among agents, real time agent updates based on environmental changes, as well as additional information on 
how network topologies affect the transmission of HIV. The authors’ experiment results compared well with 
data from the Amsterdam Cohort Study of HIV infection and AIDS between MSM.  
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In [17] the authors build on existing models by adding additional agent parameters to represent aspects of 
sexual partnership such as the ability of an agent to have multiple partners, courtship durations, and desired 
quality for a sexual partner. Simulations resulted in sexual behavior patterns that were similar to empirical data.  
Finally, the work in [11] presented a calibrated agent-based model (CABM) used to account for the 
existence of shooting galleries and quasi-anonymous injections in the spread of HIV within a population of 
intravenous drug users.   The model provided the ability to calibrate the parameters of subgroups within the 
population. Simulation successful illustrated the impact of shooting galleries and quasi-anonymous injections 
on HIV transmission and the results were also reported to be representative of prior studies. 
3. Next steps: prevention strategies 
The previous section hints at the evolution of agent-based models for HIV transmission in recent years. 
Research included the incorporation of a few environment factors that account for some population factors that 
impact transmission, expanding agent attributes to improve behaviour modelling, incorporating other models 
with agent-based models, and modifying model parameters that impact network structures.    
In addition to these enhancements, we propose the addition of the effects of prevention strategies to allow 
for more sophisticated simulation systems that may combine the potential impact of multiple prevention 
strategies and/or a combination of prevention strategies and propagation patterns in high-risk populations. We 
find that [10, 15], for instance, provide a powerful foundation for more complex simulation systems that may 
include both traditional and also sociological prevention strategies.    
Some prevention strategies that we propose may be worth exploring are shown in Table I.  
 
 
Table I. Prevention strategies  
 
Prevention Strategy Description 
Behaviour change programs Programs tailored to risk groups that seek to encourage 
individuals to adopt safer sexual behaviours.    Risk 
groups include sex works and intravenous drug users.  
Multiple studies have shown behaviour change 
programs to be effective 
 
Education and awareness programs Identify the impact of awareness programs on high-risk 
groups 
 
Predictors of condom use with steady 
and random partners 
Identify strategies to promote condom use that increase 
awareness about their effectiveness against not only 
unwanted pregnancies but also HIV and other STDs 
 
Psychosocial variables such as 
depression 
Identify potential impact that psychosocial variables 
have in the continued transmission of HIV.  Rates of 
depression in people with HIV are as high as 60% 
compared to general population rates of around 10%; 
women with HIV are twice as likely as men to be 
depressed   
 
Linking to appropriate care and 
prevention services 
Programs that provide linking and close monitoring 
HIV-infected detainees to medical services during jail 
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and after release; behaviour that sends a person into the 
criminal justice system, including injection drug use and 
commercial sex work, are the same activities that can 
increase the risk for HIV acquisition and creation of 
infection distribution networks 
 
Support of adherence to treatment 
regimens 
Retention in care is important in promoting medication 
persistence, which can both improve the health of the 
individual and decrease transmission of HIV to others 
 
Environmental–structural 
interventions targeting sex workers 
Implementing standard routine programs which monitor 
indicators on service provision, service uptake, and 
community activities 
 
Diagnosing HIV infections outside 
medical settings 
Using widely available devices like OraQuick to 
increase access to early diagnosis and referral for 
treatment and prevention services in high-HIV 
prevalence settings, including correctional facilities 
 
Making HIV testing a routine part of 
medical care 
Health-care providers including HIV testing as part of 
routine medical care on the same voluntary basis as 
other diagnostic and screening tests.  Studies have 
shown that people who know their HIV status are more 
likely to protect themselves and others from infection  
 
Harm Reduction Programs Programs that provide clean needles and syringes to 
intravenous drug users.  These programs have been 
shown to be effective in reducing the risk of HIV 
transmission among injection drug users 
 
Contraceptive use patterns Identify the effects of condom use among main and 
minority ethnic groups 
 
Incentivised HIV screening for high-
risk groups 
Community outreach programs that provide services for 
individuals with potential for high-risk behaviour in 
exchange for HIV screening and care 
 
Pre-Exposure Prophylaxis (PrEP) Incorporate the use of PrEP with other prevention 
methods 
 
 
 
The model proposed by [16] appears to be an ideal model to expand for prevention strategies. It utilizes an 
agent-based model to provide for both the complex representation of individuals (which is necessary for 
prevention strategy simulation) and complex networks, to allow for more complex individual to individual 
interaction necessary for network changes based on prevention strategies. Examples of modifications to the 
complex agent network to incorporate prevention strategies include adding a new agent state that represents the 
removal from the high-risk network due to the decreased risk behavior threshold resulting from a prevention 
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strategy, update simulation statistics functions to utilize the new agent state to gather statistics for HIV, create a 
new population operator that changes updates the network based on whether or not the prevention changed an 
agents risk behavior, and so on.    
Furthermore, in addition to modifying models, it is necessary to identify empirical data that contains 
prevention strategies for validation purposes. 
4. Validating new approaches 
We position this approach within its potential in the context of early identification and monitoring of high-
risk HIV positive drug abusing individuals who go through the United States (U.S.) jail systems, who may have 
the potential to initiate high-risk complex infection propagation networks either while in the system or after 
release. The US is an interesting case study for these purposes: it has incarceration rates that exceed those of all 
other countries; each year, 1 in 7 persons with HIV in this country cycles through a jail. Furthermore, in the 
absence of a public health intervention, going to jail increases the odds 8-fold that HIV care will be disrupted 
[Figure 1]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. An illustration showing the high US incarceration rate as compared to other countries, data from the U.N.; image courtesy of 
Wikipedia Commons (http://commons.wikimedia.org/wiki/File:International_incarceration_rates_2002.jpg) 
 
We propose that in such high-risk networks, sensitive dependence on initial conditions (where a small 
change at one place in a deterministic nonlinear system can result in large differences to a later state) can 
powerfully affect such propagation networks before escalation. We are interested on how such simulation 
networks may reflect the footprint of data heterogeneity and other inherent limitations of data curation from 
these populations, where data from data rich initiatives is used for research. We focus on the access, modeling, 
and analysis of publicly available datasets to identify relevant epidemiological/sociological markers to be 
added as vectors for indirect prediction, together with more traditional simulation parameters.  
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To this end, we identify indirect biomarkers that may enrich current HIV infection parameters to predict 
potential high-risk for propagation, non-adherence, and difficulty to stay linked to the care system. Some of 
these biomarkers may include, but are not limited to [Table 2]: 
 
Table 2. Example of indirect epidemiological biomarkers considered 
 
Domain 
(instrument) 
Variable 
HIV Time Since Diagnosis, Baseline CD4 Count, Baseline Viral 
Load, Prior Use of Active Antiretroviral Therapy, Initial 
Linkage to Care, Linkage to Care Post Discharge  
DEMOGRAPHICS 
 
Age, Gender, Race, Self-identified Sexual Orientation (e.g., 
self-identified as bisexual or homosexual), Sexual Risk 
Behavior  
 
ADDICTION 
(measured by ASI) 
History of Injection Drug Use, Addiction Severity Index 
(ASI), Drug Use, Alcohol Use  
 
WELL BEING 
(measured by SF-12) 
Medical Severity, Psychiatric Severity, Family/Social 
Problems, Global Well Being Index, General Health, Mental 
Health, Social Functioning, Emotional Status 
 
 
 
Even though the richness of these data provide a considerable potential for analysis in the cohort being 
considered, approximately 7,000 variables available, the detection of early indicators for such high-risk patients 
has not been extensively explored. 
 
5. Conclusion 
 
As proposed by [19], agent-based approaches can be leveraged to represent systems that contain large 
numbers of active objects and present characteristics of timing, event ordering, and all sorts of individual 
behavior. In this paper we point to some of the current best approaches, propose to add complex prevention 
strategies to the currently used propagation models, elaborate on what those models could be, and suggest that 
validation is probably the most important step if these methodologies are to be useful for clinical outcomes one 
day, if we can actually define it. We also describe our future work to initially approach the validation problem 
by using a currently available cohort that includes high-risk individuals.  
We believe that the potential offered by agent-based models’ high levels of abstraction, with their intrinsic 
macroscopic strategic representation power, can provide important advantages when dealing with complex 
sociological prevention strategies in population dynamics. 
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